The present study investigated how variation in mating distribution in time and among males influences the operational sex ratio (OSR) with a simulation inspired by paternally caring fish. Varying (1) the potential reproductive rate of each sex, (2) the mating distribution among males, and (3) the length of male mating phase, we created different mating patterns. In each case, we searched for the adult sex ratio that resulted in an OSR of 50% (where sexroles switch). This approach enabled a comparison with a previous model. We found that the OSR was influenced by the distribution of matings in time and among males when the male mating phase was limited by a parental phase. Furthermore, the mating dynamics were shaped by the fact that the numbers of males and females and their capacities for collateral investment affected OSR immediately from the start of the reproductive season, whereas their times-out had a delayed effect on OSR.
INTRODUCTION
Sexual selection results from nonrandom variation in mating success generated by intrasexual competition for access to mates or by intersexual mate choice when certain individuals are preferred as mating partners by the members of the opposite sex. Sexual selection theory states that the operational sex ratio (OSR) (i.e. the ratio of males to females that are ready to mate; Emlen & Oring, 1977 ) is a main predictor of the opportunity for sexual selection. The OSR is a central concept in explaining variation in sex-roles and intensity in mating competition (Clutton-Brock & Parker, 1992; Andersson, 1994; Andersson & Iwasa, 1996; Kvarnemo & Ahnesjö, 1996; Reynolds, 1996; Ahnesjö, Kvarnemo & Merilaita, 2001) . A bias in OSR predicts that the sex in excess will be the predominant competitor for access to mating partners (Emlen & Oring, 1977) . Thus, the unbiased OSR of 50% is of special interest because it is around this point where sex-roles are predicted to switch. The more the OSR becomes biased, the more mating competition is generally shown by the sex in excess (Kvarnemo & Ahnesjö, 1996; Kvarnemo & Ahnesjö, 2002) and, if certain individuals of this sex carry a heritable trait that consistently will favour them in mating competition, there will be sexual selection for this trait.
Potential reproductive rate (PRR) is the sex-specific mean of the individuals' maximum reproductive rates within a population. An individual can reach the PRR only when it is unlimited by mate availability. Thus, a sexual difference in PRR will shift the OSR towards the sex that would reproduce faster if unlimited by mate availability (Clutton-Brock & Parker, 1992; Kvarnemo & Ahnesjö, 1996; Parker & Simmons, 1996) . Together with PRR, the adult sex ratio (ASR) will also influence the OSR (Clutton-Brock & Parker, 1992; Parker & Simmons, 1996) . Parker & Simmons (1996) have constructed a model that predicts the sexroles for a population based on ASR and PRR.
PRR is affected by the proportion of the mating cycle one sex spends in 'time-out' (i.e. while not being ready to mate) and by collateral investment. Collateral investment is the ability of the members of one sex to simultaneously process more than one mating effort of the other sex (Parker & Simmons, 1996) . For example, in many fishes with exclusive paternal care, males can care for the complete clutches of eggs from several females simultaneously. However, the effect of collateral investment might be reduced if the period during which the males can obtain additional clutches to the brood is limited (Bush, 1996) . This period of egg reception is referred to as the mating phase and is followed by a parental phase, during which the male is dedicated to his paternal duties (van Iersel, 1953) . In brood cycling species, the parental phase is distinct from the mating phase and, generally, this increases the developmental synchrony among the clutches in a brood. Brood cycling is common among fish with paternal care (Manica, 2002; and references therein) . For example, in the three-spined stickleback, Gasterosteus aculeatus , most males collect eggs only during 2-3 days, out of a total nesting cycle of 15-19 days (Kraak, Bakker & Mundwiler, 1999) . In fish, the transition from mating phase to paternal phase coincides with a marked change in hormonal levels of the caring male (Sikkel, 1993; Páll, Mayer & Borg, 2002) . Similarly, brood cycling can be found in insects (the giant water bug, Abedus herberti ; Smith, 1979) , amphibians (the Majorcan midwife toad Alytes muletensis ; Bush, 1996) , and birds with paternal care (the European starling Sturnus vulgaris ; De Ridder, Pinxten & Eens, 2000) . It is likely that limitations in the mating phase imposed by the parental phase will affect the temporal distribution of matings. However, the effect of temporal distribution of matings on the OSR has not been addressed before.
Another line of theory, other than that of the OSR, predicts that high variance in mating success among individuals of one sex is indicative of a great opportunity for sexual selection (Bateman, 1948; Wade, 1979; Arnold & Wade, 1984; Shuster & Wade, 2003) . Generally, these two lines of theory have investigated sexual selection from quite different perspectives (Shuster & Wade, 2003) . Nevertheless, they show important overlap as well because a biased OSR will generate variation in mating success among the sex in excess as a result of not all members of that sex being equally able to mate.
The distribution of matings (e.g. among males) is influenced by the number of matings each male acquires over a breeding period, and it may be characterized as more or less clustered towards certain individuals. Although it is clear that a biased OSR inevitably creates variation in mating success among the sex in excess, it is less clear, although equally important, how the distribution of matings among this sex influences the OSR. In particular, the distribution of matings can be influenced not only by ASR and PRR, but also by differences in competitive ability among males, by independent female mate choice, when males vary in some preferred trait (Andersson, 1994) , or by non-independent mate choice, such as female copying or when females prefer to spawn in nests that already contain eggs of other females (Westneat et al ., 2000) . These possible effects of mating distribution on OSR have received little if any attention.
In the present study, we simulated the temporal dynamics of matings across a range of different adult sex ratios, while varying the times-out of the sexes, the length of the male mating phase, as well as female mating preferences to manipulate the distribution of matings among males. We wanted to examine how variation in male mating success, both in time and among males, may influence OSR. Also, we wanted to compare the results of our simulation with the values given by the model of Parker & Simmons (1996) , which predicts the conditions under which the OSR is unbiased and the sex-roles switch. To enable the comparison, we determined the ASR that was needed to produce a given OSR, rather than letting the OSR itself vary. Our results show an influence of distribution of matings in time and among males on the OSR when the male mating phase is limited by a parental phase. Moreover, a discrepancy between our model and that of Parker & Simmons (1996) , reveals an important influence on OSR, caused by a delay in the effect of times-out.
MATERIAL AND METHODS
We chose simulation modelling as our method because it allows a detailed analysis of how the temporal dynamics of OSR are determined. Many of the studies on OSR have been carried out on various species of fish with parental care provided in a confined space, such as a nest, a buccal cavity, or a brood pouch (Berglund, Rosenqvist & Svensson, 1989; Kvarnemo, 1994; Vincent, 1994; Almada et al ., 1995; Wootton et al ., 1995; Balshine-Earn, 1996; Swensson, 1997; Okuda, 1999) . Hence, our model was inspired by such mating systems. However, our study also corresponds to the mating systems found in other taxa, including some amphibians, insects, and birds (Smith, 1979; Gwynne & Simmons, 1990; Gwynne, 1990; Kruse, 1990; Bush, 1996; Bush & Bell, 1997; Butchart, 2000) .
We simulated the breeding season in a population, consisting of 200 sexually mature individuals. The length of the breeding season was set to 50 'days'. In the beginning of the season, all males and females were ready to mate. During one reproductive cycle, each female produced one clutch of eggs, and each male had the maximal capacity to take care of two female clutches simultaneously. A reproductive cycle was divided into a mating phase and a time-out phase. Time-out for females is the time needed to mature a new clutch of eggs after a mating and, for males, time-out is equivalent to the paternal phase, during which a male does not attempt to attract any further matings, but is devoted to caring for the eggs he has already received. For each sex, we varied the duration of the time-out phase between simulations from 3 to 10 days. After completing a reproductive cycle, each individual entered the next cycle immediately. A female was defined as ready to mate if she had a mature clutch of eggs to spawn. Similarly, a male was considered ready to mate if he had space available for one or two female clutches, and was still in the mating phase of the reproductive cycle.
To account for the collateral investment (i.e. the males' ability to care for two clutches simultaneously) in our calculations of OSR, we used the total 'egg space' ( m E ) rather than the number of males ready to mate. The total egg space is the daily sum of space that was available for egg deposition among all males that were ready to mate in the population, and was measured as the number of female clutches needed to fill that space. In this way, one male with space for two clutches equals two males with space for one clutch each. Consequently, daily OSR values were calculated as OSR = 100% × m E /( f + m E ), where f is the daily number of females ready to mate in the population (i.e. the daily number of egg clutches ready to be deposited). Hence, OSR could be in the range 0-100%, with values OSR < 50% indicating a female bias and OSR > 50% indicating a male bias. Daily OSR for days when no males nor females were ready to mate was considered unbiased, and assigned an OSR of 50%, because such a situation can only result from an even OSR prior to pair formation. The mean of the daily OSR values was then calculated across the whole season.
We varied two aspects in the model, the mating distribution in time and among males. We manipulated the distribution of matings in time by varying the length of the male mating phase (i.e. the time window during which a male still could receive a second mating after the first one) before exclusively turning to paternal duties. We manipulated the distribution of matings among males by varying the female mate choice behaviour in the model.
We had three levels of mating distribution in time. First, a male's parental duties did not exclude courting, but he could do the two activities simultaneously. Thus, there was no requirement for a developmental synchrony between the clutches in his care. Second, the length of the males' time window of mating was 2 days. Thus, independently of whether a male received one or two clutches during that time, he would stop courting females and start his paternal duties by the third day. This created an intermediate developmental synchrony between the clutches of a brood. Third, the length of the males' time window of mating was 1 day. Thus, if the male did not receive a second clutch the same day as he received his first one, he would stop courting females and start caring for the eggs the next day. This yielded the highest developmental synchrony between the clutches of a brood.
To create three different levels of mating distribution among males, we used the following rules of mate choice. First, in 'Random Mating', a female that was ready to mate was equally likely to mate with any male that was ready to mate. On average, this generated the least variation in mating success among the males (Fig. 1) . Second, in 'Female Preference', each male was assigned one of three different ranks of attractiveness (one third of the males to each rank) in the beginning of the simulation. Females always mated with a male of the highest attractiveness rank available among the males that were ready to mate but, within that rank, they chose the individual male randomly. This resulted in intermediate variation in mating success among the males (Fig. 1) , and corresponds to a situation of moderate choosiness. Third, in 'Female Copying', females always preferred a male that already had one clutch of eggs, when such a male was available. Otherwise, the choice was random. This resulted in the highest variation in mating success among the males (Fig. 1) , and corresponds to situations where there is strong female copying or strong preference by females for certain kinds of male traits or nests.
In each modelled situation, we varied the ASR to find the lowest value that yielded the mean OSR of Figure 1 . The distribution of matings between males with no (white bars) and one (black bars) previous clutch in their nest under the three different female mate choice strategies, Random Mating, Female Preference, and Female Copying. The ASR was 100 : 100, the ratio of times-out was 10 : 10 days, and the length of mating season was 50 days, resulting in 500 matings. There was no requirement for developmental synchrony between broods. Under Female Copying, the males always received double clutches. 50% over the breeding season. This allowed us to compare the different mating distributions in time and among males within each given level of OSR and mating competition intensity. We did this across an array of times-out for females and males, ranging from 3 : 10 days to 10 : 3 days (females : males). Each simulation was replicated 300 times.
In addition, we wanted to compare our simulations with the values of ASR that would be predicted by the model of Parker & Simmons (1996) for our range of times-out. Their model is based on the assumption that, under unbiased OSR, the ratio of the number of individuals to the PRR is equal in males and females and, consequently, it can be used to find out when OSR equals 50%. Therefore, to be able to carry out this comparison between the models, we varied the ASR in our simulations to find the values that produced an OSR of 50%, instead of letting the OSR vary. To calculate the value of ASR that Parker & Simmons' model predicts would produce an OSR of 50%, we used the formula Parker & Simmons (1996) . (We substituted their T with G f because our model assumes that, at an unbiased OSR, neither sex needs to wait for a mating, and m with 1/2 because a male can care for two female clutches simultaneously.) Here, G m and G f are the times-out of males and females, respectively, and males can simultaneously care for two broods. Figure 2 shows that our simulations are in accordance with what would be expected, namely that it takes fewer males in the population (i.e. a lower ASR) to reach an unbiased OSR the longer the times-out females have and the shorter the times-out males have. Furthermore, when the times-out of males and females were 10 days each, an ASR of 33% males was sufficient to reach an unbiased OSR. This is a consequence of the fact that, in our study, each male had a capacity to collaterally invest in two female clutches. Thus, one-third of males in the population reproductively balanced two-thirds of females.
RESULTS
We first investigated the case where the males' reception of a second clutch was not time-constrained. In this case, all three mating distributions among males (Random Mating, Female Preference and Female Copying) yielded an OSR of 50% at equal values of ASR ( Fig. 2A) . This was because the distribution of matings among males did not affect the space available for egg laying in the population.
However, when there was a requirement for developmental synchrony among the different clutches within a brood, such that it was possible for the males to acquire a second clutch only during the same or the following day as the first clutch, there were differences among the three mating distributions (Fig. 2B) . The same was true when the requirement for developmental synchrony was even stricter, such that the males could acquire a second clutch only during the same day as the first one (Fig. 2C) . In particular, the two distributions generated by Random Mating and Female Preference (Fig. 2B, C) differed from the corresponding scenario without time-constraint ( Fig. 2A) . Moreover, the ASR that yielded an OSR of 50% varied between the runs of the simulation (Fig. 2B, C) . The more scattered the matings are among the males, the more will there be males that have to turn into the paternal phase with one clutch only due to the requirement for developmental synchrony. Therefore, in these cases, the mating distribution had an impact on OSR because the total availability of space for eggdeposition varied in the population depending on the mating distribution.
Generally, for all three mating distributions among males, our simulated ASR values were higher than or close to the values predicted by the model of Parker & Simmons (1996) when the time-out was shorter for males than for females ( Fig. 2A, B, C) . On the other hand, when males had a longer time-out than females, the simulated values of ASR were lower than the predicted values ( Fig. 2A, B, C) . Also, the deviation between the simulated and the predicted values was generally more pronounced when males had longer times-out than females.
A closer scrutiny demonstrated how the components that determine the temporal dynamics of matings act differently in time. The numbers of males and females and their capacities for collateral investment have an effect immediately from the start of the reproductive season, but it takes some time before the times-out of males and females express themselves in the mating dynamics of the population (Fig. 3) . This causes a transient period in the beginning of the season. Therefore, when we ran the simulation for 150 days instead of 50 days, and excluded the first 100 days from the calculation of the mean OSR, this reduced the discrepancy between the simulated and the predicted values Figure 2 . The adult sex ratio (ASR; expressed as percentage males of a population of 200 individuals) that yields an unbiased operational sex ratio, across an array of times-out in days (females : males) (A) when clutch synchrony is not required, (B) when males' time window for mating is 2 days, and (C) when males' time window for mating is 1 day. The values predicted by the model of Parker & Simmons (1996) ( ) are shown as well as our simulated values for the three mating distributions ( , Random Mating; , Female Preference; , Female Copying; mean ± range of 300 runs). (Fig. 4) . This was true both with and without the time constraint in the acquirement of a second clutch. Analysis of the daily values of OSR across the breeding season revealed that the transient period in the dynamics of OSR passed usually within one to four mating cycles of the slower sex (Fig. 3) , and that this happened soonest when the time-out of one sex was divisible evenly by the time-out of the opposite sex (i.e. 10 : 5, 10 : 10, or 5 : 10). This explains why the smallest discrepancy between the simulated and the predicted values was found in those cases in Figure 2A , B, C.
DISCUSSION
The present study demonstrated a discrepancy between the predicted and our simulated values of the ASR that produces an unbiased OSR. The predicted values derived from the model by Parker & Simmons (1996) tended to overestimate the number of males needed to produce an unbiased OSR when males were the slower sex, by even as much as 10%. This is because their model does not take into account the fact that both ASR and collateral investment had an effect at once, whereas it takes time before the times-out of the sexes manifest themselves in the OSR. Consequently, the discrepancy was transient, such that it decreased in the course of time as the number of males and females and their PRRs cancelled each other. Therefore, this effect is particularly important in the beginning of the mating season, or over the whole season if it lasts only a couple of cycles, and it may also contribute to seasonal changes in OSR, such as found in the broad-nosed pipefish Syngnathus typhle (Vincent, Ahnesjö & Berglund, 1994) and the sand goby Pomatoschistus minutus (Kvarnemo, 1996) . Notice also that the discrepancy in our comparison was superficially decreased due to the fact that our estimate of OSR was averaged over the relatively long breeding season. This means that the actual disparity For males (open squares), which can care for two female clutches simultaneously, mating capacity is the number of clutches that the males are ready to receive from females (i.e. the 'total egg space'). The ASR was 140 : 60 (females : males), and the ratio of times-out was 10 : 6 days. A, paternal duties did not exclude courting in males. B, due to the requirement of developmental synchrony between the clutches in the same nest, the males would stop courting and start paternal duties the next day after receiving one or two clutches.
between the predicted and simulated values is even larger during the early breeding season. The transient period is therefore likely to increase temporal variation in sexual selection. Consistently, highly variable opportunity for sexual selection was found in sand gobies in an experimental set-up with many similarities to our simulation (Lindström, 2001) . Such temporally variable sexual selection can be an important source of genetic variation in populations that otherwise are under intense sexual selection.
To be able to tear apart the effects of the factors studied here on the temporal dynamics of mating, we have made some simplifying assumptions. As a consequence, variation in reproductive rates and in collateral investment within and between individuals are absent in our model, factors which nevertheless might have additional effects on the OSR. Another factor is the level of synchrony at the onset of breeding. Obviously, if all adult members of one sex did not join the mating pool at once, this would modify the ASR at the beginning of the breeding season. However, a spread in asynchrony within one sex will prolong or shorten the transient period, or cause no change, depending on the settings of the model (e.g. PRR, ASR, and collateral investment). Consequently, we do not expect the transient period to be limited to highly synchronous species only. Finally, we have not considered the fact that some parentally caring species of fish show a decline in numbers of breeding males toward the end of the season, although this obviously influences both OSR and sex-roles (Forsgren et al ., 2004) .
OSR represents a line of sexual selection theory, which is used to predict which sex will compete for access to mates and how intense this competition will be (Emlen & Oring, 1977; Kvarnemo & Ahnesjö, 1996) . Another line of sexual selection theory focuses on variation in mating success and how mating success relates to fitness (e.g. Arnold & Duvall, 1994; Lorch, 2002) . One of the aims of our simulation was to integrate an element of variation in mating success into an OSR model and to examine how it may influence OSR under a range of different adult sex ratios. We think this is particularly important because previous theoretical studies on OSR (Clutton-Brock & Parker, 1992; Parker & Simmons, 1996; Ahnesjö et al ., 2001; Kokko & Monaghan, 2001; Kokko & Johnstone, 2002) have not considered the effect of variation in mating success caused by different mating distributions. However, our study shows that OSR is sensitive to the effect of variation in mating success under certain conditions. First, the random element in the Random Mating and the Female Preference mate choice rules expectedly caused some variation between the simulations. Second, and more interestingly, when the time window of male mating was limited not only the ranges, but also the means differed between the mating distributions. Hence, we conclude from our simulations that OSR is sensitive to variation in mating success, but only as long as it affects the ratio of individuals in time-in to individuals in time-out, within one sex. In our model, this was the case when the length of the mating phase was limited, causing some males to enter time-out before receiving a second clutch.
The effect of a change in the variation in mating success depends on the possibility of collateral investment, whether or not developmental synchrony between clutches is needed, and whether there is any random element in the mating distribution. When females were able to rank the males consistently (as was the case in our Female Copying simulation), the highest ranked males always received their full capacity of eggs whereas the other males did not receive any matings. On the other hand, when clutch synchrony was not required, the 'egg space' available in the population did not depend on how it was distributed among the males, and therefore a change in the variation in mating success did not affect the dynamics. Nevertheless, brood cycling, which causes developmental synchrony among clutches within broods, is common among fishes with paternal care (van Iersel, 1953; Manica, 2002 ). An element of randomness in the distribution of matings can be caused by the choosy sex having incomplete information, limited memory in sequential mate sampling, or little experience. Furthermore, high costs of mate selection may constrain the choice and therefore result in randomness in mate choice. Such costs may include time, energy, and predation risk associated with mate search (Magnhagen, 1991) . For example, predation risk has been shown to produce a remarkable decrease in choosiness of mating partners in fish (Forsgren, 1992; Berglund, 1993) , and limited time for mate search had the same effect in birds (Alatalo, Carlsson & Lundberg, 1988) . Thus, in nature, some randomness in the distribution of matings is likely to be a rule rather than an exception.
In summary, we found that the OSR was influenced (in some cases considerably) by the mating distribution. Furthermore, the mating dynamics of the population were shaped by the fact that it took some time before the times-out of males and females expressed themselves, whereas the numbers of males and females and their capacities for collateral investment were effective immediately from the start of the reproductive season. Hence, both the mating distribution and the different temporal dynamics of the factors that produce the OSR are likely to influence the OSR, and thus the sex-roles and the intensity of mating competition.
